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I. introduction

‘1’he role of chlorine-containing species in stratospheric processes has been actively

investigated since 1974 when Rowland and Molina  ] drew attention to the potential impact of

chlorofluorocarbons on stratospheric ozone. From 1974 until 1985 the center of atmospheric

chemical interest was on the ozone-depleting catalytic cycle involving atomic chlorine and

chlorine monoxide (C1O), namely

c1 + OS + Clo +“ 0’2 (1)

CIO+O+C1  +02 (2)

------------------------------

net 0+02+209
-1

‘1’hc quantitative effect of this cycle on

numerous atmospheric modeling efforts.

of chemical processes that control the

&

the stratospheric ozone layer has been the subject of

Such studies have demonstrated the critical importance

partitioning between Cl, C1O and other catalytically

inactive forms (or reservoirs) of chlorine in the atmosphere. By 1985 laboratory and field

measurements had identified I-l Cl, JIOCI, and CION02  as important atmospheric chlorine

reservoirs. Substantial efforts were made to understand the physical and chemical properties of

these spccics  as well as to quantify the important atmospheric reactions that interconnect them.

‘]’hc discovery in 1985 of dramatic ozone depletion in the Antarctic stratosphcrc2

followed by the observation of tremendously elevated CIO lcvcls~~4  in the same region led to the

suggestion of a causal relation between the two phenomena. ‘J’hc canonical mechanism for

chlorine catalyzed ozone destruction (equations 1 - 3) cannot account for the observations,

however, duc to the lack of significant oxygen atom concentrations under Antarctic springtime

conditions. lnstcad, recent attempts to explain the loss of ozone have focused on ncw chemical

mcchanisrns,  occurring at temperatures below  220 K, which involve poorly known molecular

characteristics of inorganic chlorine species.
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Over the last five years substantial progress has been made in defining the realm of new

chlorine chemistry in the polar stratosphere. Application of existing experimental techniques to

potentially important chlorine-containing compounds has yielded quantitative kinetic and

spectroscopic data as well as qualitative mechanistic insights into the relevant reactions. 111

addition, the emergence of improved ab initio theoretical methods has provided valuable

guidance regarding the feasibility of postulated reaction mechanisms and intermediates. As a

result of these efforts atmospheric reaction schemes have been proposed that can sen~i-

quantitativcly  account for the observed loss of polar ozone. 1 lowcver, many questions remain

unanswered about the mechanistic aspects of these schemes. Moreover, the possible impact of

these new schemes on the coupling between

remains to bc fully explored.

in this chapter we review recent @ost

chemical families, ie. CIOX, NOX, and I IOx,

1985) studies on cl~lori]le-co]~tail~i~lg  inorganic

compounds of possible relevance to the gas-phase chemistry of the polar stratosphere. “1’his

review is not intended to be compref~ensive  but rather to highlight compounds which have

rcccivcd  significant attention only recently. Emphasis is placed on thermochemical data that

relate directly to the atmospheric roles of the species. Physical chemical data on aspects such as

reaction dynamics are not included, ‘l’his chapter also seeks to emphasize the increasing value of

ab initio  theory in atmospheric chemical assessments. in particular, ab initio  predictions of the

energetic of reactions involving chlorine-containing species arc presented.

“JIM chlorine-containing species discussed in this review are organized by chemical

family. Three chemical families are included, namely, CIOx, 1 lCIOX, and CINOX, “1’he general

experimental and theoretical approaches that have been used to study these compounds arc

summarized in the next section. The summary of ab initio  methods is greatly expanded in order

to adequately address the rapid advances made in this field.
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11. Experimental and ‘llcorctical  Methods

Model calculations of atmospheric processes

atomic and molecular production and loss processes.

require as input the rates

For a given atmospheric

of all relevant

constituent the

rc]evant  in situ loss processes typically include thermal decomposition, photolytic

decomposition, and reaction with other atmospheric species. ‘l-he in situ production of any

particular atmospheric species is related to the corresponding loss proccsscs of others.

laboratory experiments attempt to quantify competing loss processes and to

quantitatively identify the resulting products. The range of tcmpcraturc and pressure conditions

that are relevant to atmospheric processes extend from 300 K to 180 K and 760 torr to 1 torr.

Recent experimental investigations of polar stratospheric proccsscs have focused on the lower

temperature regimes and intermediate pressures.

A variety of spectroscopic techniques, including, UV, visible, 11<, SMM-wave, and

microwave absorption, resonance and laser-induced fluorcsccncc,  and mass spectrometry  have

been employed in the laboratory to monitor species of interest, I%otolytic  decomposition rate

calculations are based on quantitative measurements of UV and visible absorption cross sections.

For studies of thermal decomposition and chemical reaction kinetics the spectroscopic techniques

arc combined with a variety of experimental kinetics techniques, most notably, discharge flow

and flash photo] ysis. The essential features of the kinetic techniques are well known5>6:  flash

photolysis is characterized by rapid formation of reactants (i .c. pulsed laser or lamp induced

dissociation) followed by real time observation of the reaction kinetics; discharge flow is

characterized by the mixing and subsequent reaction over a controlled distance, of two gaseous

flows. Both techniques have been further adapted, recently, to study the chemistry of inorganic

chlorine compounds. One example is studies of the photolysis  products of 000 and C1ONO2

that were accomplished by combining the laser photo] ysis technique with a molccu]ar  beam -

mass spectrometer.7j8  Another example is a study of C1OOC1 that relied on a modification of

the flow tube technique to include both a low (< 100 mtorr) and high pressure (> 1 torr) region.9



,. .

In the following sections of this chapter we will attempt to further highlight the spectroscopic

and kinetic techniques that have been applied in recent studies of inorganic chlorine species.

Experimental data are scarce or nonexistent for many potentially important reactions.

Initial assessments of the possible importance or atmospheric consequences of these reactions

benefit greatly from ab initio  calculations. in the past ten years, both the quality and quantity of

theoretical predictions of the encrgctics  of chemical reactions for inorganic chlorine compounds

have improved markedly. ‘1’en years ago, most of the few theoretical papers that dealt with

chlorine chemistry used minimal basis set ab initio or semi-empirical self-consistent field (SW)

calculations. These papers dealt with predictions of molecular and electronic structures, Very few

dealt with encrgctics  of reactions. Significant advances have been made recently both in methods

for the prediction of reaction encrgctics  and the computer technology that makes usc of these

methods. Consequently, it is now possible to predict cncrgctics  related to reactions of molecules

of small to medium size. ]n the following subsections wc summarize the progress made in

theoretical methods for calculation of electronic structure and reaction energctics.

A. Electronic Structure Calculations

“l’he two essential ingredients in an ab initio c]cctronic  structure calculation arc the basis

set and the level of theory used in the calculation. For the prediction of energetic properties of

molcculcs and reactions, high quality basis sets and correlation corrections to the 1 lartrcc-}~ock

(I IF) self-consistent field (SCF) molecular orbitals  arc both essential. The basis sets must be of at

least double zeta plus polarization (DZP) quality. Such basis sets contain two functions for each

formal atomic orbital on each atom plus onc set of functions (polarization functions) cm each

atom with quantum number one higher than required in the isolated atoms. Commonly used basis

sets at this level arc those due to Ihmning and ] layl 0 and the well-known 6-31 G(d) and 6-

31 G(d,p) basis sets developed by Pople  and co-workers] 1 Y] 2. Note that wc will use 6-31 G(d)

and the older 6-31 G* notation interchangeably. ‘1’hcsc two basis sets are the ones most

commonly used for the predictions of molecular geometries and vibrational frcqucncics.  l:or the
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prediction of energetic properties, much larger basis sets arc required, with at least triple zeta

plus polarization quality (’I-H’). Examples arc 6-311 G(d,p) and larger basis sets such as 6-

311 G(3df,3pd)[references  13, 14]. The latter basis set includes three sets of functions and one set

of.~functions on each heavy atom and three sets of p functions and onc set of d functions on each

hydrogen. Several studies have indicated that in order to provide an adequate description of

chlorine compounds a second set of polarization finctions should bc added to the chlorine, 15

‘1’here arc several ways in which correlation corrections can bc added into an electronic

structure calculation. At present, the most popular approaches arc: (1) Many body perturbation

theory as popularized by Pople  and co-workers witbin the Moller-Plcsset  (MP) formalism, 16>17.

‘1’o second, third and fourth order, these arc referred to as MP2, MP3 and MP4, rcspcctivcly,

MP4 calculations can be performed with (SD1’Q) or without (SDQ) the inclusion of triple

excitations. Triples can bc quite important for the prediction of cnergctics,  but they arc also quite

computationally  expensive, (2) A variational treatment of correlation comes from the singles and

doubles excitation configuration interaction method (CISD)l8~19. (3) Coupled cluster theory20

is CIOSCI  y related to many body perturbation theory and has become increasing] y popular. It is

commonly formulated with the inclusion of single and double excitations (CCSD), single, double

and triple excitations (CCSDT), or through quadruples (CCSD1’Q).  A closely related method is

the quadratic configuration interaction methods (QCI) developed by Poplc and co-workers21. (4)

Multi-reference. configuration interaction (MRC1) calculations are particularly important when

there is significant diradical  character at important points on a potential energy surface. In such

cases MP and CC approaches frequently break down. A common approach to MRC1 calculations

is to first perform a fully optimized reactions (l: O1<S) SCF (or CASSCF) calculation, followed

by a singles and doubles Cl from all the I~ORS refcrcncc configurations.22  -24

B. Computational l’roccdurcs  for l’rcdicting  Encrgctics

Theoretical heats of formation can bc obtained from calculated bond dissociation cncrgics

and heats of reactions. Semi-empirical molecular orbital calculations provide useful insights, but
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they are often not sufficiently reliable for accurate estimates of the heats of formation. A detailed

discussion of the performance of ab initio molecular orbital theory can bc found in the book by

I lchre, Radom, Schleyer and l’oplc. 17 Even high level ab initio calculations can be inadequate if

measures have not been taken to control the systematic errors. Unless reactions are chosen

carcful]y  to cancel errors, the various lCVCIS of ab initio theory that are currently practical all

require some degree of empirical correction in order to achieve chemical accuracy (t 1

kcalhno]c).  Two factors determine the quality of a given ICVCI of ab initio molecular orbital

calculation: the basis set and the treatment of electron correlation. I lowcvcr,  increasing the size

of the basis set or improving the treatment of correlation is expensive (computational cost is

proportional to n4 to n7, where n is the number of basis functions),25  For most work, the basis

set must be at least double zeta plus polarization or 6-31 G* * quality, preferably triple zeta plus

polarization or 6-311 G**. Depending on the reaction, it is often ncccssary to add extra

polarization functions and diffuse functions (e.g. 6-31 +-+-G(2dfp)),  lilcctron  correlation energy

should bc calculated at an appropriately high level, such as fourth order perturbation theory

(including triple excitations, e.g. MI’4SDTQ)  or by an iterative method Iikc CISD (with

corrections for higher excitations), QCI SD or CCSD (with corrections for triples). Even at the

MP4SDlQ/6-31 G** level, direct calculations of bond dissociation energies can be in error by as

much as 10-29 kca]hnolc.  Onc method to control the errors arising from basis set deficiencies

and inadequacies in the treatment of electron correlation energy is to choose reactions so that the

systematic errors tend to cancel. A class of reactions of this type is the isodesmic reaction, i ,e, a

reaction in which the number of bonds of each type is conserved. Depending on how carefully

the bonding environments are preserved in an isodcsmic  reaction, the errors in the computed heats

of reaction can range from 1 to 5 kcalh-no]c at the MP4SDTQ/6-31 G* * level. A homodesmic

reaction takes this idea one step further by conserving not just bonds but entire groups and

bonding environments. Errors in homodcsmic reactions can bc f 5 kca]hnole  at the

M1’4SD”1’Q/6-31 G** level. I/or open shell systems, unrestricted IIartrec-h’ock  and Mollcr-Plesset

perturbation theory are often used to calculate energy differences. “1’hese methods can suffer from
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spin contamination that can cause errors oft 1 kcalhnolc in heats of reaction for systems where

the contamination is small to errors of 15 kcalhnolc in activation energies if the spin

contamination is large. An isogyric  reaction is onc that conscrvcs spin and eliminates a

substantial fraction of the spin contamination error, provided the contamination is small. When

pcrturbative methods are used for systems wtih substantial spin contamination, spin projection

can bc used to remove most of the error.26. To compute the heat of formation of a particular

compound via an isodcsmic,  isogyric  or homodcsmic  reaction requires the heats of formation of

all the other compounds in the reaction used,

Poplc  and co-workers27-29  have used theoretical atomization energies to calculate heats

of formation without resorting to specific corrections for individual bonds. The atomization

energies are computed using isogyric  reactions by adding sufficient hydrogen atoms so that the

total spin on both sites is the same. I’he computed heat of reaction is combined with the

experimental dissociation energy for H2 to obtain a theoretical estimate of the heat of formation.

This eliminates the need for a set of reference compounds (other than 112) for which the heat of

formation is well known. To control the computational expense, various assumptions are made

concerning the additivity  of basis set effects. ‘l’he systematization and extension of this approach

lead to the G-1 and G-2 levels ofthcory~O~31. The G-1 approach30  uses MP2/6-31 G* optimized

geometries, QCISIl(T)/6-311 G** energies with the effects of diffuse functions (6-311 CJiG* *)

and extra polarization functions (6-3 11 G(2df,p))  calculated at the MP4 level and assumed

additive, with small empirical corrections for the number of paired and unpaired electrons. ‘1’hc

G-2 ICVC1ofth

cory31 improves on G-1 by removing most of the additivity  assumptions. The G-1

ICVC1 of theory is accurate to *2 kcalhnolc for first and second row singly bonded two heavy

atom systcms30.  The mean absolute deviation for the G-2 level is 1.2 kcaho]c  for the set of 125

molcculcs that includes multiply bonded systems31.
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111. Review of Ihpcrimcntal  and Theoretical Studies of CIOX Spccics

A. Cl and C1O

As mentioned in the introduction, reactions involving Cl and CIO arc central to the

catalytic destruction of stratospheric ozone, In addition to the CIOx-only cycle (reactions 1 and

2), at least three other cycles which couple the CIOX, I IOX, and NOX families arc important in

mid-latitude stratospheric ozone chemistry.

cl +“ 03 + Clo -i 02 (1)

011+-03+1102+02 (3)

Clo i“ H02 + I]OC1 +- 02 (4)

IIOCl + hv + OH+ Cl (5)

Net

Net

Net

---------------------------------

203 + 302

cl +03 4 Clo +“ 02

C1O +- NO + Cl +- N02

NO’2+-0+NO+02

---------------------- -------

0 +03 -+ 202

cl +“ 03 + Clo + 02

NO+- 03 -+ N02 + 02

CIO +- N02 +- M -+ C1ONO2 + M

C1ONO2 +- hv -~ Cl + NO~

N03 +- hV -+ NO+ 02

-----------------------------------------

203 + 302

(1)

(6)

(7)

(1)

(8)

(9a)

(lOa)

(11)
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“l’he reaction of atomic chlorine with ozone is common to all of the cycles. The chain lengths of

the atomic cycles are limited by the reaction

cl+- cI”14 + licl  +“ cH~ (12)

which cffcctivcly  sequesters atomic chlorine in the form of hydrogen chloride, a relatively

unreactive (in the gas phase) atmospheric constituent. ‘1’he rate constants for the reactions of

atomic chlorine with ozone and methane have been extensively studied above 220 K. Rcccntly,

l)eMore  has measured the ratio of k(Cl +- OS) to k(Cl + Cl 14) at temperatures characteristic of

the polar stratosphere.32 The ratio obtained at 196 K, for example, is within 10% of the value

calculated by extrapolation down to 196 K of the two Arrhenius expressions that characterize the

kinetics data above 220 K.

Reactions involving C1O in the above catalytic cycles serve to couple the CIOx, HOX,

and NOX families. These coupling reactions arc particularly important in the lower

stratospheres ~ and have received a tremendous amount of attention over the past 15 years.

K and in terms

channels will be

of some of the product branching

discussed in the following sections

ratios.

of this

Although the overall kinetics of these reactions have been WC1l studied above 220 K, the data

base is incomplete both below 220

Several poorly characterized product

chapter.

A coupling reaction bctwccn C1O and 13r0

mechanism for polar ozone depletion,~4  namely

CIO +- BrO + Br + C1OO

CIOO+” M+ C1+-O2+M

cl+ OS --+ Clo +- 02

Dr + 034 13r0 + 02

-----------------------------------

net 203+302

11

is the kcy step in a recently proposed

(1 3a)

(14)

(1)

(15)



The kinetics of the C1O + 13r0 reaction have been characterized experimentally by Fried] and

Sander,  ~5-~7 Turnipseed  et al.,38 and l’oulet et al,.~9 (see I’able I) Three product channels arc

observed, specifically,

CIO +- IlrO –> Ilr i- C1OO (13a)

+ Br + OCIO (13b)

+ JlrCl -1 02 (13C)

The inverse temperature dependcnces  of the observed rate coefficients for each of the reaction

channc]s  strongly indicate that the reaction proceeds via formation of rnetastab]e  intermediates.

C1O + 13r0 + C10013r*

+ C1013rO*

By invoking the existence of short-lived intermediates the temperature dependence can be

rationalized in terms of the competition between product formation and reactant rc-formation

during dissociation of the intermediate. Based on the absence of a pressure dcpcndencc in the

observed rate constants, Sander and IJricd137 have concluded that decomposition of the excited

intermediates is substantially faster than collisional  stabilization. Consequently, the formation of

a long-lived ClIlr02  molecule in the atmosphere is unlikc]y,

Another reaction in which mctastable  intermediates play an important role is the C1O self

reaction:

Clo i- Clo + cl -1 Cloo (16a)

--+ c1 + Oclo (16b)

+ C12 + 0’2 (16c)

CIO + C1O -t M++ (C1O)2 + M (16d,16c)

The tcrmolccular addition reaction of C1O to form (C1O)2 is the rate-limiting step in a proposed

mcchani sm for polar ozone destruction .40
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C1O + C1O + M + (C1O)2 + M

(C1O)2 + hv + Cl +- CIOO

CIOO +- M + Cl +-02  +-M

2 (cl +“ 03) + 2 (Clo + 0’2)

(16d)

(17a)

(14)

(1)

----------------------------------

net 203+302

‘l’he rate coefficients for formation of (CIO)2 from the CIO self reaction have been studied

extensively in the last several years. l’hc results of those studies will be presented in a later

section of this chapter.

CIO has long been a favorite subject of ab initio theoretical methods. Most theoretical

studies of the C1O radical have focusscd  mainly on the structural characterizations of C1O using

high level calculations CASSCF, MRCI,  and MP2 mcthods41  ’45. The heat of formation for

C1O, which is an important quantity for determining CIO reaction enthalpies,  can be determined

from the dissociation energy of C1O combined with the enthalpies  of formation for Cl(g) and

O(g) at OK, Using the G1 methods of Poplc  et al.,29 the dissociation energy of CIO has been

determined as 60.9 kcal mol-]. Curtiss  et al ,46 rc-dctcrmincd  the dissociation energy and

obtained 61.5 kcal mol-l  using G2 theory. ‘l”he dissociation energy of C1O has been determined

spectroscopically by Coxon and Ranway47  from the convergence limit of the A<–X subbands

assuming dissociation into the 2P3/2 of O and 1 D of Cl. The dissociation energy value obtained

is 63,427 kcal mol-l.  Based on this value an experimental heat of formation for gaseous CIO is

derived as 24.15 f 0.02 kcal mol-  1 at OK and 24.30 f 0.02 at 298K. Deviation of the results

between experiment and the G2 theory is only 1.9 kcal  mol-l.  (see ‘l’able 11)

B. C102 lsomcrs

‘1’he important polar stratospheric reactions CIO + BrO and C1O + C1O both generate

products with the chemical formula C102. There arc two isomers having the chemical

composition C102. One of these, OC1O, is a well known species which is kinetically stable at
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room temperature, while the other, C1OO, is highly reactive and has only been observed at low

temperatures. In the next two subsections we review experimental and theoretical work on both

isomers.

1]1. Symmetric OC1O

One of the channels of the C1O +- IlrO reaction has been shown to produce OCIO.

Subsequent to this finding, OCIO has been observed in the atmosphere in both the south and

north polar regions by Solomon  and coworkers,48 Wahncr  et. al. ,49 and Pcrner et, al .50 using

the ultraviolet absorption technique. These measurements provide qualitative confirmation of the

atmospheric importance of the BrO +- C1O reaction. However, several investigators have raised

the possibility of significant OCIO formation from the CIO + C1O reaction. Nickolaisen  et al.,5 I

and Simon et al .52 have recently measured reaction rate coefficients for formation of OCIO from

the CIO self reaction, (Table I) Based on a comparison of the kinetics of the C1O +- CIO and

CIO +- Ih-O reactions and a knowledge of the polar atmospheric abundances of C1O and 13r0

(l”oohcy  et, al.53),  the currrent  consensus is that atmospheric OCIO is primarily produced from

BrO + C1O.

A number of OC1O loss processes have been investigated.

since OCIO absorbs strongly in the near UV and visible regions.

The primary path is photolysis

Wabncr  ct al .54 have rcccnt] y

measured the absorption cross section of OC1O with a resolution of 0.25 nm at 204, 296, and

378 K, in the wavelength range 240 to 480 nm. (see I~igure  1)

A significant controversy has developed rcccntly  concerning the quantum yields of OC1O

photo] ysis. The photochemistry of OCIO is known to occur on tbc cxcitcd  A2A2 potential energy

surfacc,55-61  which can lead to dissociation via botb the CIO (X211) +- O(~P) and 02 + C1(2P)

pathways.

OC1O + hv + O+- CIO (1 8a)

OC1O +- hv + Cl + 02 (18b)

14



l’he atmospheric effects of the two photolysis  channels are potentially quite different. The

production of atomic oxygen in channel 18a ultimately leads to regeneration of OS via the O +

02 reaction. in contrast the production of atomic chlorine in channel 18b enables catalytic ozone

destruction to occur by the following mechanism:

BrO +- C1O + Br +- OC1O

Oclo + llv --) c1 +- 0’2

Br +- OS + JlrO + 02

c1 + OS + Clo +“ 02

-----------------------------------

net 2034302

‘1’hcorctical  calculations on OC1O may provide valuable insight into the photochcmical

branching, Unfortunately, only a few previous theoretical calculations on OCIO have been

carried out and these have not included the effects of electron correlation. The most extensive

self consistent field (SCF) calculations have been those of Gole and lJayes.62~63 Peterson and

Wcrner,64 using the internally contracted multireference  configuration (CMRCI)  method with a

restricted full valence active space have examined the dissociation energy for OCIO. ‘1’hcsc

authors used a large Gaussian basis set (a Dunning correlated polarized valence quadruple zeta

set supplemented with f-functions-the basis set was denoted as a 3d2f). ‘l’he CMRCI, including

corrections for higher order excitations (CMRC1 +- Q), yielded a dissociation energy of 53.0 kcal

mol-l  for the dissociation of OC1O into C1O + O. ‘1’he experimental bond cnergy65  has been

measured to bc 55.2 * 2 kcal  nIOl-l. (’l-able 11)

Many experimental investigations of OCIO photolysis  have been performed recently, but

no consensus has been reached regarding the photochemical  behavior of OC1O as a function of

photolysis wavelength. Colussi  et, al.,66 employing the laser photolysis  - resonance

fluorescence technique, reported an oxygen atom yield of unity and a chlorine atom yield of less

than 0.01 at 308 ml). This finding was supported by laser photolysis  - Xc phototitration

experiments of Lawrence et al .67 that covered the 359- 368 nm range. 1 lowcvcr,  Vaida et al.6

(13b)

(18b)

(15)

(1)



and Ruhl  et al .68 reported detection of chlorine atom production from OC1O photo] ysis at 368

nm upon application of resonance enhanced multiphoton  ionization (REMP1)  as a technique for

atomic chlorine detection. Bishenden  et al.69 reported a chlorine atom yield of 0.15 f 0.10 from

cxpcrimcnts similar in approach to those of Vaida and coworkers. Very recently, Davis and

1.ce70 reexamined the photodissociation  of OCIO in a molecular beam using photofragment

translational energy spectroscopy bet wecn 350 and 475 nm. l’hcy found strong evidence for a

non zero yield of Cl, however, the maximum Cl quantum yield was only 0.039 at 404 nm,

decreasing to <0.002  under the absorption peaks in the wavelength  region of the previous

RUMPI experiments. A summary of “ “ “ “ “ “ o
-c. .-. . . . . . . . . . .

the photochermcal  data lor WCIW M glvcn in 1 able 111,

112. [Jnsyrnmctrical  C1OO

The C102  peroxy  radical was first proposed by Porter and Wright71 in order to account

for C1O production in the flash photolysis  of C12/02  mixtures. Subsequent work by Burns and

Norrish72 supported the claim. Identification of C1OO as a product of the atmospherically

important Eh-O + CIO reaction (reaction 13a) has been inferred from kinetics cxpcrimcnts by

Friedl and Sander.35  In that experiment Cl and 02, not C1OO, were observed as the reaction

products. I lowevcr, the observed negative temperature dcpcndcncc  of the reaction rate

cocftlcicnt supports the identification of C1OO + Br, not Cl + 13r + 02, as the nascent product set

for this channel. Direct production of Cl, a process approximate] y 2 kcal mole-~ endothermic,

would manifest itself as a significant positive temperature dependence for kl 3a. An analogous

argument can bc used to infer C1OO production in the C1O + CIO reaction (reaction 16a).5 ]

The apparently rapid decomposition of C1OO in the laboratory studies of ractions 13a and

16a can bc rationalized in terms of thermal decomposition if C1OO is only weakly bound. ‘1’he

first estimate of the C1-00  bond dissociation energy resulted from the thermochemical estimate

of Benson and Buss73. They estimated it to bc 8.0 kcal mol - 1. 3’he kinetic studies of

Johnston74, Wagner and Garvin75,  and Cl ync et al .76 have led to an experimental estimate for

the CI02 heat of formation. ‘1’hcsc  studies lead to the conclusion that C102 is
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thermodynamically more stable than OCIO by 3.1 kcal mol- 1. Several more recent

Ihcrmochemical  studies have been initiated in response to the increased recognition of the role of

CIOOinthe  polar stratosphere, Nicovich  etal,77rcdcternli~~ cdthellcat  of forlnationof  ClO2

rigorously. Their newly derived value is 23,4 t 0,5 kcal mol-l  (at 298 K), 13aer et al.79

dctern~inc  davalueof23.3  kcalmol-l  (at 298 K), while Mauldinet  al.80nlcasurc  the heat of

formationto be 24.0*  0.4 kcal mol-l (at O K). (see Table 11) l’hc major conclusion of these

studies is that the fate of C1OO in the stratosphere is dominated by thermal decomposition under

all pressure and temperature conditions.

Theoretical studies largely corroborate the experimental findings. G01c63 performed the

first SCF calculations on C102 radical using constrained geometry optimization. This was later

followed by full geometry optimization at the SC1~  level using large sp basis set without

polarization functions by Hinchliffc80,  The first high level optimization of the C102 radical was

done by Jafri81 using a double-zeta plus polarization basis set and MC SCF-C1 wave functions.

This work led to the first theoretical estimate of the bond dissociation energy (Cl +- 02) of 7.5 f

4 kcal mol- 1. Peterson and Werner in their study of the encrgctics of the OC1O radical also

obtained a bond dissociation energy of 2.46 kcal mol-l, IJraneisco and Sandcr82 have rc-

cxamincd  the bond dissociation energy and heat of formation using QCI ST(I’) methods with

large basis sets (6-3 11 +-+-G(3df,3pd)  basis set) and isodcsmic  schemes. ‘l-hey estimate the bond

dissociation energy to be 4.0 t 2 kcal mol-l. This is in reasonable agreement with the

experimental measurements of Nicovich et al. (4.76 + 0.49 kcal mol- 1 ), IIacr et al. (4,983 t

0,005 kcal mol-l ), and Mauldin  (4.6 f 0.4 kcal mol-] ). Francisco and Sander estimated the heat

of formation for C102 to be 24.2 t 2 kcal mol - 1 at the QCI SD(”l’) level  as compared to the

experimental estimate of 23.4 t 0.1 kcal nlol-l that was dctcrmincd by Nicovich ct al.. ‘1’hc

difference can be attributed to the fact that a small basis set and moderate correlation arc

included, Rathman  and Schindler83  using G 1 theory estimated the heat of formation to be 29

kcal mol-l.
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c. clo~

The reaction of 02 with CIO could potentially reduce the catalytic efficiency of the CIOX

cycle towards the destruction of OS. In experimental studies that have examined the reaction of

C1O with 02, the formation of a long-lived C1O-O2 complex has been suggestcd84, but the

evidence is controversial .85-87 1 Iandwerk and Zcllncr88  examined the reaction of 02(1 Ag) +-

CIO by following the loss of C1O. nom their data they suggested that the barrier to the

formation of C103 should be large because the reaction was slow,

Indirect evidence for the existence of C103 has been obtained by Colussi  et al.89 Using a

laser photolysis - resonance fluorescence technique, they observed a negative temperature and a

positive pressure dependence for the reaction of atomic oxygen with OC1O. (see ‘l’able 1) Both

results were interpreted in terms of the formation of a C103 conlplex.66>89

OC1O + O + M -+ CIO~ + M (19)

Gleason et al.,90 using a discharge flow - mass spectrometric  tcchniquc also found the reaction

to bc negative] y dependent on temperature, but only below 240 K. Above 240 K, the observed

reaction rates abruptly increased with temperature. This latter observation suggests that, at least

at low pressure, an abstraction channel is competitive with adduct formation, ic.

Oclo + o + Clo + 02 (20)

One significant discrepancy between the two investigations is that the tcrmolecular rate constant,

k 10, derived by Gleason et al. on the basis of their low temperature data is not consistent with the

data obtained by Colussi  et al,,

To date there has been no direct experimental evidence for the existcncc  of CIO~.

Ncvcrthc]ess, there are three possible CIO~ isomers: (1) CIO02; (2) OC1O2; and (3) sym-CIO~

structures. Rathman and Schindlcr91 optimized the structures of CI03 using  second-order

Mollcr-Plcssct perturbation theory (MP2) using Ihc medium set 6-31 G* basis set. All the

structures were found to be bound. Using G1 theory, the heats of formation at OK were

determined for the three isomers as 41 kcal nlol-l for CIOOO, 58 kcal mol-l for OC1OO; and 48

kcal mol-l  for synl-CIO~, I lowever, tbcrc is a large discrepancy between the value for sym -
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CIO~ calculated using G1 theory and that determined using thermochemical additivity (55.6 * 4

kcal n~ol-l  )66. This latter value has been revised by Colussi  ct al.89 to 51.9 kcal mol - 1 which

brings the G theory as the experimental estimates in closer agrccmcnt.  (see Table 11)

D. C120’2

in recent years, three isomers of C1202 (CIOOC1, CIOCIO and C1C102) have been

studied extensively using a variety of kinetic, spectroscopic and theoretical techniques. Chlorine

peroxide has been examined the most thoroughly because of its likely role in the catalytic

depletion of ozone (reactions 16d, 17, 14, and 1 ) in the region of the polar stratosphere that has

been perturbed by heterogeneous reactions occurring on cloud particles:

2(C1 +- OS -+ Clo + 02)

C1O + C1O + M -+ CIOOC1 + M

Cloocl  +- hv -+ c1 +- Cloo

C1OO +- M + Cl -t 02

---------------------------------

net 203  -+ 302

(1)

(16d)

(17a)

(14)

“J-he C1O + C1O reaction is partially rate-determining in the above cycle, along  with the

photo]ysis of C1OOC1. Rate coefficients for the tcrmo]ecular  component of the C1O +- C1O

reaction (reaction 16d) have been obtained by Ilasco and 1 lunt ,92 1 layman ct al. ,93 Sander et

al.,94 ‘1’ro]icr et al.95 and Nickolaisen et al.,51 and the results are summarized in Table 1. Sander

ct al. and Trolier et al. studied the reaction under conditions of pressure and tcmpcraturc relevant

to the polar stratosphere and the results arc in reasonably good agrccmcnt,  although Trolicr et al

observed non-zero intercepts in the rate coefficient falloff curves which were not observed by

Sander ct al. Subsequent work by Nickolaiscn ct al. showed that the results of Trolicr  et al were

probably affected by the large apparent collision efficiency of C12 which was present in high

concentrations in their system. Nickolaisen ct al. suggested that the effect was duc to the
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formation of a weakly bound C1OOCI2 complex which acts as a “chaperone” in the CIO

recombination.

Under nighttime or twilight conditions when C1OOC1 photolysis is slow, the atmospheric

partitioning of chlorine-containing species is determined by the rates and branching ratios for the

thermal decomposition of C1OOC1,

C1OOCI +-M+ C1O +- C1O -I M (21 a)

+M-+C1+-CIOO +-M (21 b)

+M+C12  +-02+-M (21 c)

Unimolecular rate constants for reaction 21 have been measured directly or inferred by Basco

and 1 lunt92 and Cox and Derwent96 at room temperature, by Cox and Hayn~an97 over the

temperature range 233-303 K, and by Nickolaisen et al.s ] over the temperature range 260-310 K.

Nickolaisen et al. obtained a larger temperature dcpcndcncc  for k21 a than Cox and I Iayman

which is reflected in a somewhat larger inferred O-O bond energy in C1OOCI  (1 8.8 kcal mole-l

vs 17,3 kcal mole-l). While this difference is relatively small, it results in a difference of a factor

of five in the extrapolated C1OOCI thermal lifetime under polar stratospheric conditions (J’== 195

K). ‘J’here arc no direct rneasuremcnts  of rate constants for the unirnolecular  decomposition

pathways 21 b and 21 c. Nickolaisen et al. rncasured  the activation cncrgics  for the bimolecular

channels for the C1O + C1O reaction and obtained values of 3.2 t 0.2 kcal mole-l, 4.9 f 0.9 kcal

mole-l and 2.7 t 0,3 kcal mole-l for the C12 + 02, C1OO + Cl and OC1O + Cl channels,

respectively. (see “J-able 1) The magnitude of these activation barriers indicates that the only

significant pathway for CIOOCI unimolecular decomposition under atmospheric conditions is the

one forming C1O + C1O.

As indicated above, photolysis of C1OOC1,

C1OOCI + hv + Cl -I C1OO (17a)

+ 2 Clo (17b)

is a key process in the catalytic destruction of ozone in the polar stratosphere. While pathway a

results in ozone destruction, pathway b leads to a null cycle, hence wavelength resolved quantum
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yield  measurements are extremely important for atmospheric modclling.  Quantum yields for

CIOOC1 photolysis have been measured by Cox and I Iaynlan97  and by Molina  et al.,98 (see

‘1’able 111) Cox and I Iayrnan inferred a value of 1 f 0.4 for $a at 254 nm using steady-state

photo]ysis and time-resolved ultraviolet absorption spectroscopy to monitor C1202.  Molina  et

al. derived a value for $a of 0.6 * 0.07 using 308 nm laser photolysis  of C1202  followed by tin~e-

rcsolved laser-induced fluorescence of Cl (both the Cox and 1 Iayman, and Mo]ina  et al. results

have been corrected using  the currently accepted absorption cross sections of C120 and C1202).

In view of the differences in the results from the two studies, and the additional uncertainties in

both the relative and absolute cross sections of C1202, additional wavelength-resolved

measurements of both $a and $b are clearly needed.

Ab initio  methods also have been applied to the characterization of the photolytic

behavior of CIOOCI. In particular, theory has been used to examine the excitation energies and

associated oscillator strengths of electronic transitions of C1OOC1. ‘l-he earliest attempt was by

Jcnson  and 0ddcrshedc99  who utilized the random phase approximation (RPA) to evaluate the

low-lying transitions in C1OOC1. The calculations were performed at the MCSCF level using a

6-31 G* basis set and MP2/6-31 G * optimized geometries. ‘1’hc principal conclusion of that

investigation was that the UV spectrum of CIOOCI  above 200 nm is too weak to be readily

observed. This finding called into question the assignment of the experimentally obtained

absorption spectrum to C1OOC1, Jensen and Oddcrshcdc suggested that chloryl  chloride,

C1C102, which is predicted by the RPA method to have strong absorption in the 200-300 nm

region might be responsible for the spectrum obtained from C1O + CIO reaction mixtures.

Stanton and 13artlcttl 00 have examined the low-lying singlet electronic states of CIOOCI at the

coupled-cluster singles and doubles level.  They find that transitions to the l; and l; electronic

states occur at approximatcl  y 240 mm and have sizeable oscillator strengths. ~’ransition

probabilities for these states were not reported by Jensen and Oddershcdc since the RPA

calculations predicted that the states lie more than 6 cv above the ground state. Stanton and

Bartlett have investigated this discrepancy and have concluded that the RPA model severely
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overestimates excitation energies for transitions to the E and F states of C1OOC11  The couplcd-

cluster calculations predict an electronic spectrum for CIOOC1 that is in qua] itativc  agreement

with that observed experimentally. The rnolccular  orbital description of the process involves the

promotion of an electron to a CIO antibonding  sigma orbital. The electron promotion is likely to

result in significantly weakened Cl -0 bonds or spontaneous decomposition of the C1OOC1 to

give Cl and C1OO.

Considerable progress has been made recently in the experimental and theoretical

characterization of the thermochemical properties of the (C1O)2 isomers. The CIO + C1O reaction

surface has a fairly deep potential well (= 17 kcal mole-1) corresponding to the most stable form

of (C1O)2. Using a discharge-flow reactor with submillimeter  absorption spectroscopy, Birk et

al, g identified this molecule as chlorine peroxide, C1OOCI, and determined its structure. Another

isomer of (C1O)2, chloryl  chloride (C1C102) has been identified by Mueller and Willncrl013102

using matrix and gas-phase infrared and ultraviolet absorption spectroscopy, but its thermal

stability and barriers toward isomerimtion  are not well established Because of the extensive

rearrangement required in the direct formation of chloryl  chloride from the C1O self-reaction, the

A-factor for this process is expected to be small. The isomer C1OC1O has not yet been identified

spectroscopically but would be expected to play a role in the CIO + C1O reaction channel leading

to c1 +- Oclo.

Physical properties of C1202  isomers have also been studied extensively using  ab inifio

methods. McGrath et al.  1033104 using a Moller-l)lcssct  theory (MP2, MP4) with 6-31 G and 6-

31 +-G(3d)  basis sets found that the lowest structure of the three isomeric  forms is the straight-

chain structure, C1OOCI. The structures C1C102 and C1OCIO were found to bc 1 and 7 kcal

mol - I above the CIOOC1  structure, respectively. At the MP2/6-31 + G(3d) level of theory. the

heat of formation was determined to be 32.6 kcal nIOl-l at O K for C1OOC1; 33.8 kcal mol-l for

CIC102; and 40.0 kcal mol-l  for C1OCIO. I.CC ct al. 105 have reexamined the relative energies of

the isomers of C1202  using coupled cluster theory including singles, doubles, and incorporating

effects of triplet excitations (CCSD(7 ‘)) using large basis sets that include g-t ypc functions. ‘1’hc
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computed heat of formation at O K is 34.2 kcal mol- 1. The heat of formation value determined

by McGrath et al. is lower than that determined by I.cc et al. which is attributed to the fact that a

small basis set and moderate correlation is included. The relative energies of the C1C102 and

C1OCIO isomers lie 0.9 f 2.0 and 10.1 * 4.0 kcal mol-l higher in energy at OK, respcctivcly,

above the straight-chain form. (see Table II)

IL C1203

l’he reaction of OC1O with C1O was initially recognized as a complication in studies of

the C1O self reaction that utilized OCIO as a precursor. Later, Sander et al. 106 and Anderson et

al. 107 pointed out that the formation of a stable C1O-OCIO adduct  could lead to sequestering of

atmospheric C1O, and subsequent inhibition of 03 loss, in the polar stratosphere.

OC1O + CIO +- M -+ C1203 +-M (22a)

C1203 +-M -+ OCIO + C1O + M (22b)

A number of spectroscopic investigations of reaction 9 have been conducted and have confirmed

adduct formation at temperatures below 240 K. These include discharge flow - UV +- H<

absorption studies by Burkholder  et al., ] 08 (Figure 1 ) steady state photo] ysis - lR absorption

studies by Zabel  109 and discharge flow - submillitnetcr  wave spectroscopic studies by IJriedl et

al. 1 I O The equilibrium constant bctwccn reactions 9a and 9b has been examined by llayman  and

Coxl 1 I and Burkholder  et al.112 l-he enthalpy  of reaction derived from these studies is

approximately 12 kcal mole-1. The association rate constant has been measured by Parr et al.113

at 226 K and by 13urkholder  et al.112 over the range 200-260 K. (Table I) The observed rate

constants are more than a factor of three greater than the corresponding C1O + C1O constants.

On account of the small C1O-C1O2 bond energy the stratospheric fate of C1203  is

dominated by therms] decomposition. I Iowever, under some attnospheric conditions photolysis

of C1203  may cornpcte with thermal decomposition.

C1203 + hv + Clo + Oclo (23a)

C1203 +“ hv + cl + clo~ (23b)
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The photochemical quantum yields have, as yet, not been characterized by theoretical

experimental methods. The possible occurrence of channel 23b may result in the formation

higher oxide of chlorine in the atmosphere. This possibility is discussed in the next section.

or

of

F. C1204, C1206, and C1207

~’hc discovery of dramatically clcvatcd concentrations of C1O and OCIO in the polar

stratosphere has focused increased attention not only on C1203 but on the possible formation of

higher oxides, such as C1204,  C1206,  and C1207. ‘1’hcsc higher oxides of chlorine have been

known for a long time and are typically discussed in inorganic textbooks. l-lowever,  many of the

structural, spectroscopic, and chemical properties of these compounds remain poorly known or

controversial. in addition, the reaction data base on gas phase formation of the higher oxides is

nearly nonexistent.

Although chlorine pcrchloratc  (CIOCIO~) was synthesized in 1970 by Schack and

Pilipovich,114 the gas phase ultraviolet spectrum has been obtained on] y recently by 1.opcz and

Sicrc.115 (Figure 1) The UV spectrum is significantly shifted to the blue compared to smaller

dichlorinc oxides such as C120 and C1OOC1. In addition, the absorption cross sections of C1204

are uniformally smaller than the corresponding ones of CIOOCI. Accordingly, C1204  is

substantially more stable with respect to atmospheric photochernical  decomposition than

C1OOC1 and could, thcrcforc, function as a reservoir of inorganic chlorine provided that it is also

relatively stable thermally and chemically.

The method used by IJope~  and Sicrc to generate CIOCIO~  was based on results obtained

by Schcll-Sorokin et al.116 and involved static photolysis  of OC1O followed by a series of

fractional condensation and distillation steps designed to remove OC1O, C12, and C1206.

Zabcl  109 has attempted, using a static photolysis  - 11{ I;ouricr transform spectrometer technique,

to investigate the reaction rncchanism responsible for CIOCIO~  formation in the photochemical

decomposition of OC1O. The results of his study suggest two possible mechanisms, namely
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Oclo +“ llV –> o + Clo (4)

OCIO +- O + M + CIO~ +-M (lo)

CIO~ -i CIO +- M + C1204 +- M (24)

or

OC1O +- hv + O -1 CIO (4)

OCIO + CIO -t M -+ C1203  -I M (9a)

C1203 +-O -i M + C1204  + M (25)

‘1’hc mechanism involving C103 provides the best explanation for the weak temperature

dependence and strong pressure dependence of the C1204  yield observed by Zabcl.

The possibility of in situ atmospheric formation of C1204  by reaction 14 has been

discussed by Sander et al.94 This reaction is expected to occur most readily in the polar

stratosphere during the springtime when there exists high C1O concentrations, low temperatures,

and moderate pressures. However, formation of C103 by reaction 10 is not expected under these

conditions due to the lack of significant oxygen atom concentrations, Consequently, other

mechanisms for the generation of C103 arc present] y being investigated,

The chemistry of C103 is intimately connected with that of C1206  through the reaction

C103 +- C103 + M + C]206  + M (26)

Recent] y, Jansen  et al.117 have demonstrated, using 11{ spectroscopy, that the original gas phase

spectrum of C103 reported in 1937 is probably due to C1206.  Both Janscn et al. and 1,opcz and

Sicrel 18 find no UV or IR spectroscopic evidence for the presence of monomeric CIO~ in gas

phase samples of C1206.  Accordingly, the reverse of reaction 26 is apparently slow and the

equilibrium between C103 and C1206  must greatly favor the dirncric  form. The experimental

results have been supported by theoretical estimates of the heats of formation of CI03 and

C1206.  (Tab]c II) Rathman  and Schindler83  have derived a value  of 48 kcal mole-l for A

1 lf(synl-CIO~)  from ab initio  calculations performed at the 1 lartrcc-l~ock  level. Meanwhile,

Colussi  and Grelal  19 have estimated a value for Al lflC1206) of 52 kcal mole-~ using a valence
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bond additivity  approach. Combining these two estimates results in a predicted enthalpy  for

reaction 16 of-44 kcal mole-1.

C1206  has been produced in the laboratory by reaction of OC1O with OS. “l’he presumed

mcchani  sm is

Oclo + OS + clo~ +-02 (27)

CIO~ + CIO~ +-M + C1206  + M (26)

l,opcz and Sicre and Janscn et al. have observed that formation of C1206  from OC1O and 03 is

followed by slow decomposition of the C1206  to yield C1204  and trace amounts of C1207.  A

barrier to C1204  formation of approximately 20 kcal mole-1 has been derived from kinetic data

obtained at temperatures between 300 and 360 K. Combination of the C1206  decomposition

barrier height data with the calculated enthalpies  of formation for CIO~ and C1206  (Table 11)

suggests that the presumed mechanism for C]206 formation is incorrect, In particular, the

C1206  decomposition barrier energy is substantially lower than the potential energy of two C103

radicals. Consequently, the preferred reaction path from CI03 should be directly to C1204  rather

than to C~206.

One alternative C1206  formation mechanism involves the C104 radical as an

i ntcrmcdiate

Oclo +- 03 + C103 +- 0’2 (27)

C103 +“ 03 --+ CI04  +- 02 (28)

C104 + OCIO + M + C]206 +- M (29)

‘IIIc enthalpy  of formation of C104 has been estimated to be 50 kcal mole-] by Colussi  and Grcla

based on literature data for the kinetics of C1207 decomposition. Using this estimate for AI If

(C104) the calculated enthalpy  change for reaction 29 is roughly equivalent to the energy barrier

for C1206  decomposition into C1204.  Consequently, the likely fate of the excited intermediate

formed from the addition of CI04  to OC1O is collisional  stabilization to yield C1206  rather than

rearrangement followed by 02 elimination to yield C1204.
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Attempts to model the possible formation of C1206 in the stratosphere are hampered by

uncertainties in the above-mentioned chemical mechanisms, Regarding atmospheric C1206  loss

processes UV absorption cross sections of C1206 have been recently measured by Lopez and

Sicre. (l~igurc 1) Although the more recent spectrum is qualitatively similar to one obtained by

Good eve and Richardson 120 (and erroneous] y ascribed to CIO~) the newly reported cross

section values arc significantly higher than the earlier values, Based on the recently obtained

absorption cross section values  the atmospheric lifetime of C1206  with respect to pholo]ysis  will

be quite short, ranging from minutes to hours. The photolysis  products have not been clctermined

yet. The likely photolysis  channels are

C]206  +- hV + 2 CIO~ (30a)

+ C104 +“ Oclo (30b)

Chemical loss mechanisms of C1206  have been suggested by .Ianscn et al. and 1,opc7, and Sicre.

The reaction of C1206  with 03 represents a potentially important atmospheric sink of inorganic

chlorine since the product, C1207,  is thcrmal]y and photolytically  stable.

C1206  +“ 03 + C1207 (31)

Alternatively, C1207  may be formed following the thermal or photolytic  decomposition of

C1206  by the reaction of C103 with CI04.

CI04  + CIO~ + M + C1207 +- M (32)

IV. Review of Experimental and ‘I%corctical  Studies of IICIOX Species

A. IIOCI

The significance of hypochlorous  acid (1 IOC1) in stratospheric chcmica] processes has

been the subject of considerable debate. Although it is involved in a catalytic cycle (reactions 1,

3, 4, and 5) that destroys ozone, the cycle is less efficient than those involving other chlorine

species. Consequently, HOC] is generally considered a temporary reservoir of stratospheric

chlorine. The atmospheric reaction primarily responsible for I{OC1 formation, ic. 1102 -I C1O,
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has resisted a satisfactory experimental characterizdion.  Stimpflc  et al., 12 I using discharge flow

- laser magnetic resonance, found that the temperature dependence of the reaction was described

by non-linear Arrhenius behavior. The data suggested that two different mechanisms are

manifest in the reaction. However, mass spectromctric  studies of the products of the reaction by

Leu 122 and Leek et al. 123 reported no evidence for any chlorine containing species other than

110CI. Upper limits of less than 39f0 were placed by all of the investigators on the channel

producing 1 IC1.

Recent ab initio studies by Toohey and Anderson 124 have considered the possible

formation of a I3C103 adduct in the H02 + CIO reaction. In order to pursue this suggestion ab

initio calculations are required on the energetic of all of the species involved in the reaction.

The heat of formation, AIIf,29~,  of gaseous I-IOC1 is listed as -17.8 f 0.5 kcalhnole  in the

JANA17 thermochemical tables 125. This value is based on the ultraviolet photometric

equilibrium measurement of Knauth et al. 126 who measured the heat of formation for HOC1 as -

17.8 *0.5 kcaVmole. Subsequent measurements by Molina  and Molinal 27 of -18.0 kcalhno]e

and those of Niki and co-workers 128 of-17,9 kcalhnole show good consistency with the adopted

JANAF value. More recently, Ilnnis  and Birksl 29 reported a value of -1 8,0* 0.9 kcalhno]e  (298

K). The first theoretical prediction of the heat formation comes from the studies of I lirsch et

al. 130. Using multireference double excitation (M RCD1) methods, Hirsch and co-workers

determined a heat of formation of -19.2 ~ 4 kcalhnole as prcdictcd  from calculation of} IOC1

bond dissociation energies. Francisco and Sanderl31 more recently determined the heat of

formation of HOC] using the isodesmic reaction scheme with Mollcr-Plcsset perturbation

methods (MP2 and MP4) and the single-configuration based quadratic configuration interaction

method in the single and double-space with perturbation inclusion of triple substitutions method

QCISD(T). The heat of formation using Mollcr-Plcssct methods and isodesmic schemes

(PMP4/6-31 l++G(3df,3pd)//UMP2/6-3  11 G(2d,2p))  predict a value of -22.9+1 kcal nIOl-l.

While QCI SD(T) methods used in conjunction with isodesmic schemes yield a heat of formation
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value of -1 9.9*1 kcal mol-l.  In the case of HOC], theoretical predictions and experimental

determinations of the heat of formation are in remarkably good agreement. (see Table 11)

Ab initio  methods have also been applied in order to assist in the understanding of the

photodissociation of 1 IOC1 in the atmosphere. Bruna et al, 132 have examined ground and

various valence and Rydbcrg  excited states of 110C1 using MRIIC1  methods. Only vertical

excitation energies are given for low-lying states of HOCIO Potential energy  surfaces connecting

the states of HOC] to its separated products (i.ci 01 I and Cl or to 11 and C1O or to J ICI and O)

show that for the first four excited states of I-IOC1 which show strong repulsive character, the

dissociation strongly favors dissociation into HO radicals and Cl atoms.

1]. HC102

In addition to reaction 12 (Cl d- CH4) the reactions of Cl +- H02 and HO +- C1O arc

recognized as possible important steps for the conversion of reactive chlorine (Cl and C1O ) to

iliactive  HC1, The potential energy surfaces for these two reactions are obviously intimate] y

connected, Not at all obvious is the role of intermediate formation in the reaction mechanisms.

A host of recent studies have attempted to further characterize these reactions.

Experimental characterizations of the kinetics of the Cl + 1102 reaction were

accomplished by Lcu and DcMorc  133 using a flow discharge mass spcctromctric method and

l]urrows et al. 134 using a discharge flow system coupled instead to a laser magnctiic resonance

(1.MR) detection system  The total rate constants showed no temperature dependence. Y-P. I.CC

and C. J. 1 lowardl 35 discovered that the Cl +- 1102 reaction possesses two product channels,

namely

c1 +“ 1102+ IIcl +“ 0’2 (33a)

+ OH + Clo (33b)

Using a discharge flow system with far infrared laser magnetic resonance detection of 1102,  01 I,

and C1O, Lee and Howard determined the branching for these reactions to be approximately 0.79

and 0.21 for 33a and 33b, respectively. Benson  and co-workers 136 using a thermochemical
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analysis suggested that the measured rates

process. Instead, they reasoned that due

terminal oxygen, a 1 IOOC1 complex

could not result from a direct hydrogen abstraction

to the strong attractiveness of the chlorine to the

could bc responsible for the observed rates.

Mozurkewich 137 using a RRKM analysis showed that the direct hydrogen abstraction is likcl y to

predominate over HOOC1 intermediate formation. Toohcy ct al.138 showed that although

cxpcrimcntal  activation barriers for a set of hydrogen abstraction reactions from H02 were smal 1,

they were not inconsistent with predictions based on an extension of the bond energy-bond order

(1311110)  analysis, which likely procccd by direct mechanisms, Toohcy and Anderson 124 were

the first to perform ab initio calculations of the Cl + 1102 potential energy surface, although their

examination did not completely map the potential energy surface of this reaction. Only the direct

hydrogen abstraction process was explored with unrestricted Hartrcc-lyock  (UHF) and

unrestricted second-order perturbation (UMI’2)  methods. At the UMP2/6-31 G* * lCVC1 of theory,

the activation energy for the Cl + 1102 reaction was predicted to bc 8,4 kcal mol- 1. At the

Hartrcc-Fock level, the activation energy barriers were prcdictcd  to be 21.1 kcal mol- 1. Clearly,

electron correlation is needed to explore the potential energy surfaces for this reaction.

Calculating the cnegics  at the fourth-order MP ICVCI,  including single, double, and quadruple

excitations (MPP4SDQ) with the UMP2 geometries, yielded an estimated activation energy

barrier of 8.9 kcal nlol-l.

‘1’hc reaction of 01 I radicals with CIO radicals can also procccd by two reaction

pathways:

011 + Clo + 1102+ cl (34a)

+ HCI +- 02 (34b)

‘l’here have been two detailed cxpcrimcntal  studies of this reaction. I.cu and Linl 39 first studied

this reaction in 1979 and reported a room tcrnpcrature rate of 9.1 x 10-12 cn13 molecule- 1s- 1.

Ravishankara et al. 140 found that the reaction was temperature independent over the range 248

to 335 K. Hills and Howard]  41, using discharge flow /far infrared laser magnetic resonance

kinetic studies, measured a branching ratio (k34a/k~4  =- 0.86*0.14) for this reaction. ‘1’he total
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rate measurement showed a temperature dependence over the range of219 to 373 K. Durrows et

al. J 42 explored the reaction using resonance fluorcsccncc  detection in a flow tube reactor over

the temperature range 242 to 298 K. Their temperature dependence did not agree with that

observed by 1 lills and Howard. A later study by Poulct  et al. 143 measured the branching ratio

(0.98+0.  12) for the reaction using a discharge flow system coupled with laser-induced

fluorescence and modulated molecular beam mass spcctromctry  detection systems. ‘l’heir results

implied that the channel (reaction 34b) that produced 1 ICI + 02 could not be significant for

converting C1O into inactive HC1.

Recent ab initio studies of the HC102 potential energy surface by I~rancisco, Sander, I,ee,

and Rcnde]l  144)145 lend some perspective to the experimental findings. ‘l’hey find for the

reaction of Cl atoms with H02 radicals that a dual mechanislll.dominated  by the direct hydrogen

abstraction channel may occur. The direct hydrogen channellakcs  place on the triple surface.

On the singlet surface the only pathway available is formation of stable HOOCl, 3’his species

has not been detected in the laboratory, but could be a new atmospheric chlorine reservoir

species. 1 n contrast to the suggestion of Benson, that the I-IOOC1 intermediate spontaneous] y

dissociates, ab initio s tudies  sugges t  tha t  i t  remains stable, A t  t h e  I]MP4/6-

311 +-+ G(3df,3p)/UMP2/6-3  11 G(2d,2p)  level of theory, the heat of formation for I IOOCI is

predicted to bc -86.0 kcal mol-l.  In the reaction of011 radicals with CIO radicals, the ab initio

studies of }~rancisco  and Sander find that this reaction may involve two intcrmcdiatcs,  HOOC1

and I IOC1O,  The pathway leading through the IIOOC1 intermediate should yield 1102 and Cl as

products since dissociation of the HOOC1 through a four-center transition state to form IICI and

02 is energetically unfavorable. “l’he pathway leading to the 1 IOCIO intermediate leads to an

oxygen exchange process.

c. llclo~

Under low pressure conditions the C1O + 1102 reaction is thought to yield primarily

1 IOCI and 02. Toohcy and Anderson 124 have raised the possibility of 1 lCIO~ formation at low
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temperatures and/or high pressures, Indirect evidcncc for complex mechanistic bchaviorinthc

1102 +- C1O reaction has been provided by the unusual temperature dcpcndcncc  observed for the

reaction, 146J 147 This behavior has been interpreted as an indication of the occurrence of two

different mechanisms in the C1O +- 1102 reaction. Stimpflc  et al. 147 suggested that an I IC103

co]] ision complex could possibly explain the experimental observations. No observation of the

products of the C1O +- H02 has been performed in order to provide more insight into the details

of the mechanism. Toohcy  and Anderson made a partial examination of the CIO + 1-102

potential energy surface. Using second order Moller-Plesset  perturbation theory with the 6-

31 G* * basis set, they found that the activation energy for the direct hydrogen abstraction process

is 1.4 kcal rnol- 1. At the UMP4SDQ/UMl’2/6-31 G** level of theory including corrections for

m-o-point,  thermal energy, basis set superposition errors, and the A(PV) terms, they predicted a

barrier of 0.3 kcal mol-l.  Toohey  and Anderson then argued that the C1O +- H02 reaction may

have two rncchanisms;  one the direct attack at the hydrogen atom, which should dominate at high

temperatures; while the other involves an HCIO~ intermediate, which dominates at the lower

temperature,

Another examination of the potential energy surface of the HC103 system comes from

the experimental studies of the 011 +- OC1O reaction conducted by Poulet  et al.. 148 HOC] was

observed as a product of the reaction. 1 IOC1 and OCIO concentrations were followed over the

temperature range of 293 to 473 K. As in the case of the CIO + 1102 reaction, an unusual

tcmpcraturc dependence was found for the 011 + OCIO reaction. Poulet  et al. suggested that a

1 IC103 intermediate maybe involved,
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V. Review of Experimental and Theoretical Studies of CINOX Spccics

A. CION02

“l’he potential importance of chlorine nitrate as an atmospheric reservoir of

chlorine was recognized by Rowland and Molina  in 1976. ] 49 ‘1’hc principal production

mechanisms at mid latitudes were identified in laboratory experiments as

C1O + N02 + M --+ C1ONO2 +- M (9a)

and C1ONO2 +- hv + Cl -t NO~ (lOa)

norganic

and loss

Chlorine nitrate has now been detected in the atmosphere by high resolution infrared solar

absorption spectroscopy. The atmospheric feature attributed to C1ONO2 is the 780 cm-1 band Q

branch. Dallard et al. 150 and Davidson et al.151 have measured the absolute absorption cross

section of CION02  at 780 cm-1 as a function of temperature and found it to increase with

decreasing temperature. Absolute atmospheric column abundances of C1ONO2 have been

derived from the field data using the laboratory cross section data. 152 The retrieved C1ONO2

column abundances confirm that C1ONO2 is a major reservoir of inorganic chlorine at levels

comparable to HC1.

Recent laboratory and theoretical studies of the gas phase chemistry of C1ONO2 have

reexamined the details of reactions 23 and 24. McChath  et al. 153 have examined the possible

formation of chlorine nitrate isomers in the reaction of C1O with N02.

C1O +- N02 + M + C1OONO +- M (9b)

-+ 0C1N02  + M (9C)

-+ OC1ONO + M (9d)

Since normal  chlorine nitrate is unusally  resistant to photodccomposition due to its small

absorption cross sections at wavelengths greater than 300 mn, it is possible that other isomers

may be substantially more photochcmically  labile. An assessment of the mlc of these other

isomers in atmospheric process would require a further knowledge of the precise photolysis

routes and chemical reactions of the isomcric  spccics.
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McGrath et al. have calculated energies of the chlorine nitrate isomers at the RHI~/6-31 G*

level. Relative to chlorine nitrate the isomers (in the reaction order 23 a - c) arc 23.2, 58.6, and

66.0 kcal mole-1 higher in energy. The calculated energy difference between chlorine nitrate and

the most stable alternative isomer chlorine peroxynitritc, CIOONO,  is found to increase as the

RI{F basis set is improved. At theRMP2/6-31 G* level the energy difference is 30.0 kcal mole- 1

which implies that the theoretical association reaction to yield chlorine pcroxynitritc  is

endothermic. The theoretical results, therefore, support previous laboratory cxpcrirncnts  that

failed to observe any other product besides chlorine nitrate in the gas-phase reaction of C1O and

N02.

Minton et al,7 have recent] y made a direct observation of CIO production from the

photolysis of chlorine nitrate at 248 nm.

C1ONO2 +- hv + CIO +- N02 (lOb)

‘l’he experiment utilized the technique of photofragrnent  translational energy spectroscopy and

was performed using a crossed laser/molecular beam apparatus. l’his method has not been used

extcnsive]y  in the past to measure quantitative photolysis yields.

arc contrary to recent work by Burrows et al. 154 who rneasurcd a

quantum yield derived from the Minton et al, experiment, 0.43,

The results of the experiment

unity yield of N03. The C1O

is also substantially different

from earlier measurements by Margitan  155 at 266 nm that identified Cl as the primary photo]  ysis

product and placed an upper limit of 0.2 on the C1O yield. (SCC ~’able III)

Although there are no obvious explanations for the discrepancies between the studies, one

possibility may be related to the substantially lower pressure conditions cmp]oyed  by Minton ct

al. relative to those used by Margitan  or llurrows  ct al. The differences in pressure may manifest

thcmsc]ves  in the partitioning of the product yields if the photochcmical  mechanism involves

cxcitcd  intermediates, such as C1O* or N03*. The subsequent fate of the intermediates could

then involve a competition between collisional  stabilization and unimolecu]ar dccornposition.

Atmospheric models predict that the branching ratio in CION02

effect on ozone depletion in the unperturbed stratosphere because C1O
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rapid] y, IIowever, Minton  et al. suggest that the lack of selective bond photo] ysis in the

C1ONO2 case raises the possibility of multiple product channels in the photolysis  of CIOOCI.  A

substantial yield of C1O in the C1OOC1 case would significantly reduce the calculated amount of

polar ozone depletion by chlorine catalyzed chemistry,

Other potential atmospheric CION02  loss processes which have reccivcd  a great deal of

attention recently are the reactions with 1 ICl and 1120.

C1ONO2 + IIC1 + C12 + IION02 (35)

C1ONO2 +- 1120 -+ HOC1 +- 1 ION02 (36)

These reactions serve to convert CION02  into photolytically  labile C12 and I IOC1 and hence to

increase the fraction of catalytically active chlorine in the atmosphere. A variety of experimental

techniques have been employed to study the homogeneous gas phase component of these

reactions. 156-159 They have all demonstrated that the homogeneous reactions are too slow to

have any significant effect on atmospheric chemistry. IIowcver, more recent studies have

discovered a rapid heterogeneous component. The characterization of the heterogeneous

reactions between C1ONO2 and HCI and ]]20 and the importance of these processes to

atmospheric processes are discussed in another chapter of this volume.

B. 02 CION02

The correlated removal of C1ONO2 and N02 that has been observed in the polar vortex

has been attributed to heterogeneous processes occuring  on polar stratospheric clouds. Some

effort has been directed at the alternative possibility of additional gas-phase reservoir species of

CIOX and NOX. Friedl et al. 160 have rcccntly  observed the low temperature (< 250 K) formation

of an adduct  in the reaction of OC1O with NOS.

OC1O +- NO~ d M -+ O2C1ONO2 + M (37)

The reaction was studied using the discharge flow technique and the adduct  was observed by

l;ourier transform infrared and ultraviolet diode array absorption spectroscopy. The observed

infrared band frequencies suggest that the adduct  is chloryl  nitrate. The experimentally derived
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.

value of the rate coefficient for adduct  formation was used in conjunction with unimolccular

reaction theory to estimate the strength of the bond between N03 and OC1O in O2C1ONO2. The

bond strength derived from this method is 18 f 3 kcal mol-l.  This value is similar to that of

C1OOC1 but substantial] y ICSS than that of C1ONO2. (SCC Table II) Consequent] y the thermal

stability of chloryl  nitrate in the atmosphere should approach that of chlorine peroxide. Fricdl et

al. have modeled the effect of reaction 37 on polar chlorine chenistry  using a one-dimensional

photochcmical model. ‘1’hcy find that chloryl nitrate may exist in significant concentrations in

the polar stratosphere. However, uncertainty in the experimental chloryl  nitrate bond strength

scverel  y hampers the model effort. In particular, a variation of f 2 kcal mol  - 1 in the chloryl

nitrate bond strength translates to a 105 fold variation in the atmospheric number density.

Inclusion of other chemical  routes would also affect the predicted amounts of atmospheric

chlory] nitrate, For

produce 02 CION02

instance, Fricdl et al. propose that the reaction of C103 with N02 will

CIO~ + N02 +- M -+ O2C1ONO2 +- M (38)

At higher temperatures Fried] et al. have observed the production of CIO from the OC1O

+ NOq reaction,

OCIO + N03 + C1O +- N02 +- 02 (39)

According to Friedl et al. the competition between the reaction channels favors ad duct formation

at temperatures below 240 K. “l’he reaction rate constant derived by IJriedl ct al. for the

abstraction channel is consistent with a recent upper limit reported for the reaction rate by Bcckcr

et al..161 I Iowever the rate coefficient is two orders of magnitude larger than an upper limit

placed OJ1 the reaction by Biggs  ct al. 162 (see ‘1’able 1) ‘l’he discrepancy between the two studies

awaits firthcr investigation.
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V]. Summary and Conclusions

The transformation of substantial fractions of inorganic chlorine from inactive to active

forms via heterogeneous reactions on polar stratospheric clouds is now recognized as the catalyst

for a wide variety of atmospheric reactions. Experimental and theoretical studies conducted over

the last ten years have succccdcd  in defining the general scope of the gas-phase chemical

proccsscs initiated by the PSC processing. In addition, these studies have provided sufficient

data to allow for semiquantitativc  analysis of ozone destruction in the springtime polar

stratosphere. The current understanding of inorganic chlorine chemistry, as summarized in this

chapter, is depicted in Figure  2.

Recent experimental and theoretical attempts to understand the chemistry of chlorine in

the polar stratosphere have recognized the fundamental importance of adduct formation in a wide

variety of reactions, In some cases, such as C1OOC1, the adduct  is sufficiently stable

thermodynamically to exist in substantial atmospheric abundance. In other cases, such as

13rOOCl, the adduct decomposes rapidly through a myriad of possible product channels. In

either case, a fundamental physical chemical understanding of the reaction potential energy

surface, especially in the energy region corresponding to that of the adduct, is required in order to

allow for reliable predictions of atmospheric consequences. The need for further theoretical and

cxpcrimcntal  studies is especially critical as regards the stability of I ICIOX adducts  such as

IIC102 and llCIO~.

The experimental and theoretical studies reviewed in this chapter have served to identify

a number of new and possibly important atmospheric reactions and spccics. A great deal of work

remains to be done in order to quantitatively assess the role of these species in atmospheric

processes. l’hc greatest challenges will be provided by the newly identified large po]yatomic

chlorine-containing species. For example, additional thermochemical and kinetics parameters

arc nccdcd  for chloryl  nitrate, O2C1ONO2, the chlorine oxyacids, 11C102 and 1 ICIO~, and the

higher oxides of chlorine, i.e. CIO~,  C104,  C1204,  and C1206. ]mprovcd  expcrirncntal  and

computational methodologies will be required in order to effectively characterize these species.

37



As described in this chapter, recent photochcmical  studies of the chlorine-containing

compounds OCIO and C1ONO2 have resulted in surprising discrepancies in the measured

quantum yields. Clearly, future experiments that span a wide range of pressure conditions and

photolysis wavelengths arc required to understand the photodynamics of these apparently

complex Systems. In addition, photochemical  yield measurements on C1203,  C1204,  and

C1206,  for which none currently exist, are required in order to assess the atmospheric chemistry

of these spccics. All of these endeavors will greatly benefit from future ab initio  studies aimed at

identifying and quantifying the energctics  of excited states associated with these molcculcs.
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Table I: Kinetics Data for Selected C1O and OC1O Reactions

Reaction Buffer Temp

(K)

Clo ~ Clo N’2 268-338
+ C1202 N’2 200-300

N2 194-247
N’2 194-247

Clo 4 Clo 260-390
+ C1’24 0’2 298

Clo + Clo
+ c1 ‘ Cloo

Clo L Clo
+ cl ‘ Oclo

CIO L BrO
+ BrCl L 02

CIO’ BrO
+ Br’ CIOO

CIO * BrO
+ Br’ OCIO

260-390
298

260-390
298

220-400
298
234-406

220-400
234-406

220-400
234-406
298
298
220

A-Factor
(cm3 S-l)

6.00 X 10-32
1.34 x 10-S2
1.80 X 10-~2
6.0 X 10-12

1.01 x 10-12
4.5 x 10-15

2.98 X 10-12
3.1 x 10-15

3.5 OX1O-13
1.5 x 10-15

5.8 X 10-13
I.4X1O-12
1.9 X1O-13

2.9 X 10-12
I.9X1O-12

1.60 x10-12
6.70 x10-1~
4.80 X 10-12
7.61 X 10-12
1.27 x10-11

n Es/R
(kcal/mole)

-2.10
-3.90
-3.60

1590

2450

1370

-334

-1019

-431
-513

-847
-1236

Order

3
3
3
2

2
2

2
2

2
2

2
2
2

2
2

2
2
2
2
2

k(298 K)
(cm3 S-l)

6.00 X 10-~2
1.34 x 10-S2

4.87x 10-15
4.5 x 10-15

8.0 X 10-15
3.1 x 10-15

3.5 x 10-15
1.5 X1O-15

1.02X 10-12
1.4X 10-12’
1.06 X 10-12

6.00 X 10-12

4.99x 10-12

6.68 x 10-12
5.40X 10-12
4.80 X 10-12
7.61 X 10-12

t

Ref.

93
95
94
94

51
88

51
88

51
88

35
39
38

35
3s

35
38
39
36
36
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, 0

clo~oclo  N2
+ C1’203 N’2

N’2

OCIO +- o y)
+ C103 N2

Oclo + o
+CIO + 0’2

OC1O + N03  He
+  C1N05

OC1O + NO~
+ Clo  ‘ N02  ‘ 0’2

200-260
200-260
226

248-312
248-312

298

220

220
298
298
298

6.2 X 10-32 -4.7
2.4 X 10-11
2.8 X 10-31

1.86X IO-31 -1.12
3.1 x 10-11 0

1.60 x10-13

lx 10-31

2X1O-15
2x 10-14
<7X10-14
<1 x 10-15

3 6.2 X 10-~2
2
3

3 1.86X lo-~1
2 3.1 X1 O-11

2 1.60 x10-13

2
2 2 x 10-14
2 <7X 10-14
2 <1 x 10-15

112
112
113

89
89

66

160

160
160
161
162
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Table 11: Thermochemical Data for Sclcctcd  ]norganic  Chlorine Compounds

-------------------------------------------------------------------------------------------------------------

Molccu]c AI{j-(0  K) AHf1298 K) 1)() Method Reference
(kcalhnole) (kcalhnole)  (kcal/nlolc)

-------------------------------------------------------------------------------------------------------------

C](I

OClo

C l o o

synl-clo~

Clooo

Ocloo

Cloocl

C1C102

Cloclo

------------------

24.15
24.30

60.9 Ab Initio/Gl
61.5 Ab lnitio/G2
63.4 13xpt./Spcctroscopic

53.0 Ab Initio/CMRCI
55.2 }Ixpt ./

23.4 4.76 l;xpt,/Kinetics
23.3 4.98 17xpt ./Kinetics
24.0 4.6 Expt./Kinetics

8 Ilst./Bond  Additivity
7.5 Ab Initio/MCSCF-CI
2.5 Ab Initio/CMRCI

24,2 4.0 Ab Initio/QCISl’(’I’)
29.0 Ab Initio/Gl

55.6 I;xpt ./Kinetics
51!9 l~xpt./Kinetics
48.0 Ab Initio/Gl

41.0 Ab lnitio/Gl

58.0 Ab lnitio/G  1

17.3 l{xpt./Kinctics
18,8 13xpt,/Equilibriunl

32.6 Ab lnitio/MP2
34.2 Ab lnitio/CCSI)(T)

33.8 Ab Initio/MP2
35.1 Ab Initio/CCSD(T)

40.0 Ab lnitio/MP2
44.3 Ab lnitio/CCSD(l’)
----------------------------------------------------------------------------------

30
46
47

64

85
86
87
81
90
64
82
83

66
89
91

91

91

51
97
103,104
105

103,104
105

103,104
105
---------
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‘1’able 11: (continued)

-------------------------------------------------------------------------------------------------------------

Molecule AHf(O K) AHf1298  K) D() Method Refercncc
(kcalhnole) (kcalhno]e)  (kcal/nlole)

---------------------------------------------------------------------------------- ---------------------------

C1OCIO2

CI04

C1204

C]206

IIocl

IIOOC1

C1ONO2

C1OONO

OC1N02

OC1ONO2

36.5
33.9 32.7

50.0

42
37.2

52.1

-17.8
-18.0
-17,9
-18,0
-19.2
-22.9
-19.9

1.6

6.3
-4.3

18.9
25.7

54.4

11.1 Expt./Equilibriunl
l~xpt/Equilibriun~

ht./I3ond  Additivity

Expt,/Kinetics
l;st./Bond  Additivity

Ikt./Bond  Additivity

Expt,/llquilibriunl
Expt,/Equilibriunl
Iixpt,/Equilibrium
Expt,/Equilibriunl
Ab Initio/MRCDl
Ab Initio/QCISI)(T)
Ab lnitio/QCISD(T)

Ab Jnitio/CCSD(T)

};xpt./Kinetics
Ab Initio/MP2

Ab lnitio/RIIl~
Ab Initio/MP2

Ab Initio/RHF

18 ];xpt./Kinetics
18.5 l;st./I3ond  Additivity

----------------------------------------------------------------------------------------------------

51

112
111

119

114
119

119

126
127
128
129
130
131
131

144,145

153

153
153

153

160
119
---------



Table III: Photochcmical  Data on %lectcd Chlorine-containing compounds

---------------------------------------------------------------------------------------------------

Photochcmical  Reaction Wavelength Yield Reference
(rim) Channel(a) Channel(b)

---------------------------------------------------------------------------------------------------

OCIO + O +- CIO (a)
OCIO + Cl +-02  (b)

308 1 58
359-368 1 59
368 >() 6,60
368 0.15 61
350-475 < ().()4 62

C1202 + CIO + CIO (a)
C1202  + Cl + CIOO (b)

254 1 89
308 0.6 90
240 (b) dominates [prediction] 92

CION02  + CIO + N02 (a)
CION02  + Cl +- N03 (b)

308 0.43 0.57 7
266 <(),2 0.9 155
254 1 154

---------------------------------------------------------------------------------------------------
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Figure 1. Ultraviolet absorption cross sections for sclectcd  chlorine oxides
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